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Abstract: The ground- and excited-state properties of six Re(I) κ2N -tricarbonyl complexes
with 4’-(4-substituted-phenyl)-terpyridine ligands bearing substituents of different electron donating
abilities were evaluated. Significant modulation of the electrochemical potentials and a nearly
fourfold variation of the triplet metal-to-ligand charge transfer (3MLCT) lifetimes were observed
when going from CN to OMe. With the more electron-donating NMe2 group, we observed in the κ
2N
complex the appearance of a very strong absorption band, red shifted by ca. 100 nm with respect to
the other complexes. This was accompanied by a dramatic enhancement of the excited-state lifetime
(380 ns vs 1.5 ns), and a character change from 3MLCT to intraligand charge transfer (3ILCT),
despite the remote location of the substituent. The dynamics and characters of the excited states
of all complexes were assigned by combining transient IR spectroscopy, IR spectroelectrochemistry
and (TD-)DFT calculations. Selected complexes were evaluated as photosensitisers for hydrogen
production, with the κ2N -NMe2 complex resulting in a stable and efficient photocatalytic system
reaching TONRe values of over 2100, representing the first application of the
3ILCT state of a Re(I)
carbonyl complex in a stable photocatalytic system.
INTRODUCTION
Rhenium(I) tricarbonyl complexes bearing polypyri-
dine ligands are very popular and well-studied molecules,
especially concerning their photochemistry and photo-
physics. These complexes have found many applications,
especially in solar energy conversion, where their use for
photoelectrochemical CO2 reduction
1–6 and as photosen-
sitisers for hydrogen production are the most prominent
ones.7–18 The fac-{Re(CO)3}
+ moiety makes these com-
plexes excellent IR absorbers. The high sensitivity of the
CO stretching modes to the electronic density around the
metal centre, their very high IR absorption coefficients
and the overall stability of this organometallic core al-
lowed Re(I) tricarbonyl complexes to become one of the
most studied systems by transient IR spectroscopy, and
can be considered the closest analogues of [Ru(bpy)3]
2+
in terms of their widespread use as photosensitisers.19,20
Re(I)-tricarbonyl diimine complexes typically exhibit a
purely metal-to-ligand charge transfer (MLCT) or mixed
ligand-to-ligand charge transfer (LLCT) absorption band
centred around 380 nm, and the corresponding ligand-
centred excitation bands at higher energies.21 Conse-
quently, these dyes absorb almost exclusively ultravio-
let or blue light, which has prompted the design, syn-
thesis and study of complexes with enhanced absorption
at lower energies. Most efforts in this direction have fo-
cused on the introduction of electron-withdrawing groups
or the increase of the conjugation of the diimine ligand
framework (Fig. 1A); in these cases, the absorption is
red-shifted due to a stabilization of the ligand-centred
π∗ orbitals (typically the LUMO).22
While the effects of substitution in the vicinity of the
metal centre have been previously described for Re(I)





















Figure 1. Different strategies for red-shifting the absorption
of Re(I) carbonyl dyes: (A) by substituting the bipyridine lig-
ands (stabilising the ligand π∗ orbitals); (B) through remote
substitution, affecting the HOMO and allowing for excited-
state character switching.
effects of substitution far away from the metal centre
(Fig. 1B) is needed, and constitutes a promising alterna-
tive to fine tune the properties of these complexes.
The photophysics and photochemistry of remote sub-
stituent effects in Re(I) complexes have been explored
in the past by many groups. Amongst them, studies
by Schanze and co-workers focused on remote substi-
tution of the axial ligand in [Re(bpy)(CO)3(L)]
+-type
complexes, where the L ligand was decorated with a
dimethylamino group,27 or a cation-responsive crown
macrocycle.28 This strategy was later combined with a
dipyrido[3,2-α:2’,3’-c]phenazine (dppz) ligand, replacing
the bipyridine ligand,29 and combined with a photoiso-
merisable stilbene-like moiety as shown by Perutz and
co-workers.30 The ultrafast dynamics of intramolecular
electron transfer in an azacrown-ether-decorated com-
plex were reported by Perutz, Moore and co-workers,31
who used transient UV-Visible absorption. Similarly,
porphyrin-appended Re(I) carbonyl complexes have been
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Scheme 1. Synthetic route and structures of the compounds studied in the present work.
UV-Vis absorption spectroscopy,32,33 and it was shown
that photoexcitation of these complexes may lead to lig-
and dissociation.34 In addition, the electron transfer dy-
namics of porphyrin-appended Re(I) carbonyl complexes
have been studied in NiO surfaces.35
Most of the examples mentioned until now focus on
substitution of the axial ligand. In our approach, we
use the 2,2’:6’,2”-terpyridine (terpy) to operate on the α-
diimine ligand instead. The terpy framework represents
an ideal structural backbone for modification by sub-
stitution. In particular, phenyl-substituted terpyridine
ligands have shown remarkable photophysical and pho-
tochemical properties by themselves,36 as well as their
complexes with Ru(II),37,38 Pt(II),39 Zn(II),40 Ir(III),41
and other transition metals. In most of these cases, the
terpyridine ligand acts as a tridentate ligand, adopting
a meridional configuration around the metal centre. In
contrast, fac-Re(I) tricarbonyl complexes with terpyri-
dine ligands contain a bidentate (κ2N ) terpyridine ligand
in a bipyridine-like coordination fashion.20,42–44
The photophysical properties of a few Re-based
terpyridine complexes,45,46 as well as those with
structurally-related bidentate N∧N ligands have been
previously studied.47,48 Some of these evidenced long-
lived intraligand charge-transfer (ILCT) states.48
Despite the abundant literature on terpyridine-based
Re(I)-tricarbonyl complexes, an in-depth systematic ex-
ploration of the tuning of ground and excited-state prop-
erties is missing. Moreover, the effect of substituents
in the character of the lowest excited states has been
only discussed in brief. In this regard, a recent report by
Shillito, Gordon and co-workers showed how the switch-
ing in character of the lowest excited states (from MLCT
to ILCT) frustrates the tuning of properties in Re(I)
and Pt(II) complexes bearing triphenylamine-substituted
1,10-phenanthroline ligands.49
In the present work, we focus on the effects of re-
mote substitution across the 4’-(4-R1-phenyl)-2,2’:6’,2”-
terpyridine (terpy) framework in the photophysical and
photochemical properties of Re(I) tricarbonyl complexes.
We show that, in a complementary manner as has been
described before, the introduction of electron-donating
substituents changes the localisation of the HOMO (in-
stead of tuning the LUMO as shown in Ref. 23), leading
to a change in the character of the lowest excited state
from MLCT to intraligand charge-transfer (ILCT).
We report on the synthesis, spectroscopic, crystallo-
graphic and electrochemical characterisation of a series
of Re(I) κ2N -tricarbonyl (2a-f) complexes with substi-
tuted 4’-(4-R1-phenyl)-2,2’:6’,2”-terpyridine ligands (La-
Lf). Studying a series of complexes bearing substituents
of different electron-donating abilities (from CN to NMe2,
Scheme 1) allowed us to correlate the observed proper-
ties with the electronic density on the terpyridine ligand.
The ground and excited-state properties of these com-
plexes were studied by UV pump-IR probe (in the fs to
µs range), electrochemistry, FT-IR spectroelectrochem-
istry (IR-SEC) and photoluminescence measurements. In
addition, through a combined experimental and compu-
tational approach, we could establish the key differences
between the characters of the lowest-lying excited states.
Finally, we evaluated the potential utility of these com-
plexes for photochemical energy conversion with proof-of-
principle measurements of photocatalytic hydrogen evo-
lution. To the best of our knowledge, this demonstrates
for the first time the application of productive 3ILCT




(La-Lf) were readily obtained in one step from 2-
acetylpyridine and the corresponding 4-R1-benzaldehyde
using a modified Kröhnke methodology, as reported
previously.50,51 This ligand framework and synthetic
methodology enable easy modification at the 4’ position
of the terpyridine (tpy) ligand. The κ2N -tricarbonyl
complexes (2a-f) were obtained in excellent yields from
ReI(CO)5Cl as air-stable yellow solids (2f as a yellow-
green solid) by refluxing in MeOH/Toluene mixtures
(See SI for details). Single crystal X-ray diffraction
3
analysis were performed for the κ2N -tricarbonyl com-
plexes 2a, 2b, and 2e. Figure 2 shows the displacement













Figure 2. Displacement ellipsoid representation at the 50%
probability level of the crystal structure of complex 2a. Hy-
drogen atoms and solvent molecules omitted for clarity.
The structures of the κ2N -tricarbonyl complexes show
a bipyridine-like coordination of the terpyridine ligand
to the fac-{Re(CO)3}
+ core, the two rings being twisted
by about 10◦. The third pyridine ring is rotated by ca.
45–50◦, and the 4’-phenyl ring is rotated by 15–25◦ with
respect to the plane of the central pyridine ring. A brief
discussion of the crystal structures, and a table of crys-
tallographic parameters are given in the SI (Table S1).
In the solution 1H-NMR spectra of complexes (2a-f), we
observe two sets of signals for the peripheral pyridine
rings, supporting the κ2N coordination with a dangling
pyridine observed in the solid state.
Steady-State Spectroscopic Properties
The UV-Vis and FT-IR spectra of 2d-f in DMF (as
representative examples) are shown in Figure 3 (other
spectra are provided in the SI, Figs. S1-S2 and Table S2).
In the UV-Vis absorption spectra of the κ2N -tricarbonyl
complexes (2a-f) we observe a band centred around 380
nm with an extinction coefficient ε ≈ 4000 cm−1 m−1,
typical of an MLCT band in Re(I) complexes.21 The
higher energy bands are attributed to ligand-centred π-π∗
transitions. Time-dependent density functional theory
(TD-DFT) calculations performed in Gaussian 09 rev.
D.0152 nicely reproduce all these features (Fig. S3 in the
SI).
The MLCT absorption band shows a hypsochromic
shift of ca. 720 cm−1 as the electron donating character
of the substituent increases from CN to OMe (values pro-
vided in Table S2 in the SI). These shifts are much smaller
than those obtained upon direct substitution at the 4 and
4’ positions of the bpy ligand (of ca. 6250 cm−1 between
NO2 and NH2),
23,53 and suggest a small, albeit observ-
able electronic effect of substitution in the 4’-phenyl ring
of the terpy ligands when going from CN to OMe. While
the spectra of the complexes with electron-withdrawing
substituents do not show significant changes, complexes
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(A) UV-Vis
Figure 3. (A) UV-Vis and (B) FT-IR spectra of 2d-f in
DMF, as representative examples. The dashed line in A indi-
cates the excitation wavelength used in the transient absorp-
tion experiments (420 nm).
with more electron-donating groups show distinct fea-
tures in their UV-Vis spectra. For 2e (R1 = OMe) we
observe a new shoulder at lower energies, which evolves
into a very intense absorption band in 2f, bearing the
more electron-donating R1 = NMe2 moiety. This addi-
tional, low energy band (Figure 3, red), has a significantly
higher extinction coefficient than typical MLCT or even
ligand-centred π-π∗ transitions, providing a first hint into
its different character.
In the FT-IR absorption spectra of 2a-f in DMF, we
observe the typical features of the fac-{Re(CO)3}
+ moi-
ety: three strong νCO bands at ca. 2019, 1915 and
1892 cm−1, corresponding to modes of A’(1), A” and
A’(2) symmetries, respectively. The νCO frequencies shift
only 2-4 cm−1 (Table S2 in the SI), contrasting the higher
shifts observed upon direct substitution at the bpy ligand
(in the order of 5-20 cm−1),23 and can be explained by
the remote character of substitution in these complexes.
Characters of the Lowest Excited States
We now turn to (TD-)DFT calculations to understand
the effects of the substituents in the electronic structure
of these complexes. We observe an increase in the relative
energies of the HOMO and LUMO orbitals with more
donating groups, the energies of the latter having a more
pronounced dependence (Figure S4 in the SI).
While the location of the LUMO remains largely
unaltered throughout the series, we observe that
4
as the electron-donating character of the substituent
is increased, the HOMO gradually shifts from the
{Re(CO)3}
+ moiety towards the 4’-phenyl moiety of the
terpy ligand (Figure 4), until it is localised entirely on
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Figure 4. Calculated HOMO and LUMO orbitals of 2d, 2e
and 2f. Orbitals shown at |φ| = 0.025 a.u.
These observations are supported by the charge density
difference (CDD) isosurfaces calculated for the S1 ← S0
transition, shown in Figure 5 for the unsubstituted, OMe
and NMe2-substituted complexes (2d, 2e, and 2f, re-
spectively). The CDD isosurfaces were calculated using
MultiWfn v3.5.54
Figure 5. Charge density difference (CDD) isosurfaces of the
S1 ← S0 transition of 2d-f, shown at |∆ρ| = 0.002 a.u.
For complex 2d (and those with more electron with-
drawing substituents) it is clear that this transition has
the expected MLCT character. Surprisingly, the de-
spite the change in the localisation of the HOMO ob-
served for complex 2e, the S1 ← S0 transition conserves
an MLCT character (further supported by transient IR
data, discussed next). In contrast, the S1 ← S0 transi-
tion in the NMe2-substituted complex has a strong ILCT
character—with the NMe2 group acting as the donor, and
the metal-coordinated κ2N -terpy as the acceptor.
Excited-state dynamics
To understand the excited-state dynamics of these
complexes, we performed transient absorption experi-
ments with UV pump and ultrashort broadband mid-IR
pulses derived from a home-built OPA as the probe (com-
plete experimental details are given in Section 1.3 of the
SI).55–57
Transient IR spectra of the complexes 2a-e in air-
saturated DMF, recorded upon excitation with 420 nm
ultrashort pulses show the typical features of the excited
3MLCT state of Re(I) tricarbonyl dyes within 500 fs of
excitation. The TRIR spectra of 2d as a representa-
tive example is shown in Figure 6. These bands show a
time-dependent blue shift, on a timescale of ca. 5 ps, at-
tributed to a convolution of ultrafast intersystem crossing
(ISC, within ∼100 fs) and vibrational relaxation on the






































Figure 6. FT-IR spectrum (top) and magic-angle UV pump-
IR probe transient spectra (bottom) of 2d (5 mm in DMF) at
different pump-probe delays.
For complex 2f, the situation is different: transient IR
spectroscopy yielded the definitive experimental evidence
for a 3ILCT state in this complex. Immediately after
excitation, we observed in the TRIR spectra of 2f in
DMF (Figure 7) two sets of ESA bands in the νCO region:
a single, clearly resolved band around 1994 cm−1, and a
set of two unresolved bands in the 1860 cm−1 region,
which partially overlap with the ground-state bleaches.
The red shifts of the ESA bands suggest an increase of
electron density around the Re(I) centre upon photoex-
citation, closely resembling the difference spectra of the
singly reduced species (Fig. 7, purple dotted line) ob-
served by IR spectroelectrochemical studies (IR-SEC).
These features are very well reproduced by DFT calcu-
lations of the lowest triplet excited state and the singly
reduced NMe2-substituted complex (Fig. S5 in the SI).
After the initial blue shift of the bands in a 5 ps timescale,









































Figure 7. FT-IR spectrum (top) and UV pump-IR probe
transient spectra (bottom) of 2f (5 mm in N2-purged DMF)
at different delays (ps-µs timescales). The IR-SEC difference
spectrum at -1.8 V vs Fc+/Fc (first reduction) is overlaid with
the pump-probe spectra (purple dotted line, ∆Abs× 0.4).
(see Fig. S6 in the SI). To observe the decay of these
features (and hence extract the actual excited-state life-
times), we performed a second set of TRIR measurements
comprising timescales from 10 ps to over 10 µs, using a
setup based on two synchronised amplifiers.59 From these
measurements, we obtained a lifetime of 380±20 ns in a
nitrogen-purged DMF solution for 2f. The significantly
longer lifetime of this complex (ca. 260 times longer than
that of 2d) can be explained by the different characters
of the lowest triplet excited states.
These observations contrast with the TRIR data of
complexes 2a-e (Figure 6). In those cases, excitation of
the MLCT band decreases the electronic density around
the metal centre (evidenced by blue-shifted ESA bands),
and the transient signals decay significantly faster.
On the ps-µs setup, and under the same measure-
ment conditions, we obtained a lifetime of 2.3±0.2 ns for
2e (R1 = OMe) in nitrogen-purged DMF, which agrees
quantitatively with the lifetime obtained in the ultrafast
experiments in air-saturated DMF solutions. This illus-
trates the negligible effects of oxygen on the lifetimes of
all other complexes, showing also the consistency of the
kinetics obtained from the different setups.
The photophysical properties of ILCT states of Re(I)
tricarbonyls have been previously studied in com-
plexes bearing 3-substituted-1-(2-pyridyl)-imidazo[1,5-
α]pyridine ligands.48 The ILCT character of these com-
plexes was largely independent from the substituents
(ranging from NO2 to NMe2), in sharp contrast with
our observation for the Re(I) complexes with 4’-(4-R1-
phenyl)-2,2’:6’,2”-terpyridine ligands. In our case, only
the NMe2-substituted complex (2f) shows a significant
ILCT, displaying similar characteristic TRIR signatures,
but a significantly longer excited-state lifetime.
A complementary approach, based on tuning the axial
ligand, has also shown that 3ILCT lifetimes can be mod-
ulated from 27 ns to 6 µs when the axial ligand is changed
from pyridine to bromide. This opens additional path-
ways for future modifications of the complexes studied
in this work, and highlights the interplay between close
lying MLCT and long-lived ILCT states. In their work
Gordon and co-workers show that the change in emis-
sion lifetimes does not arise from switching of molecular
orbitals (as in our case, where the HOMO shifts with
the substituent), close-lying deactivating states, con-
tributions from a halide-to-ligand charge transfer state
(XLCT) or changes in spin–orbit coupling.60
In our case, we observe a systematic change in the
3MLCT lifetimes and reduction potentials (Figure 8 and
Fig. S7 in the SI). The lifetimes increase from 0.58 to
2.3 ns between the CN and OMe-substituted complexes,
while the reduction potentials become more negative,
shifting from -1.6 to -1.8 V vs Fc+/Fc (discussed next).
The fitted lifetimes of all complexes can be found on Ta-
ble S2 in the SI.
































Figure 8. Linear correlations between the 3MLCT lifetimes
(from transient IR, in blue), the observed ground-state re-
duction potentials (in red), and the Hammett σp substituent
constants for complexes 2a-e. Complex 2f deviates signifi-
cantly from the linearity of the lifetime plot, and is excluded
for clarity.
The frequency shift of −17 cm−1 observed for the a’(1)
band in the TRIR spectra of 2f in DMF is similar to
the ca. −20 cm−1 shift reported for complexes with 3-
substituted-1-(2-pyridyl)-imidazo[1,5-α]pyridine ligands
(possessing also an ILCT excited state),48 and is sim-
ilar to the ca. −24 cm−1 shift observed upon elec-
tron transfer from the porphyrin to the rhenium moi-
ety in the porphyrin-appended Re(I) tricarbonyl com-
plexes studied by Perutz and co-workers.32 The latter,
however, is in better agreement with the −24 cm−1 shift
observed for the singly reduced 2f−, obtained by spec-
troelectrochemistry (see below). Overall, these numbers
illustrate the small but significant difference between a
formally reduced complex, and an apparent reduced envi-
ronment around the fac-{Re(CO)3}
+ moiety arising from
intramolecular charge transfer.
Photochemical and Redox Properties
To better understand the excited-state properties
and to estimate the applicability of these complexes as
photosensitisers, we evaluated the excited-state redox
6
potentials, which were estimated according to equations
1 and 2:
E◦′red(
3[ReI]∗) = E◦′red +∆GST (1)
E◦′ox(
3[ReI]∗) = E◦′ox −∆GST (2)
where E◦′red and E
◦′
ox are the ground-state reduction
and oxidation potentials, respectively, and ∆GST is the
singlet-triplet energy gap.
The ground-state redox properties of these complexes
were studied by cyclic voltammetry (CV) in 0.1 m
[Bu4N][PF6] in DMF at room temperature. The cyclic
voltammograms of selected complexes are shown in Fig-
ure 9. All complexes show a partially irreversible two-
electron reduction (E◦′red), taking place at ca. −1.7 V vs
Fc+/Fc. The oxidation was outside of the electrochemi-
cal window of our experiment (E◦′ox > 0.5 V vs Fc
+/Fc).














Potential (V vs Fc+/0)
 R1 = CN     (2a)
 R1 = H        (2d)
 R1 = NMe2 (2f)
Figure 9. Cyclic voltammograms of selected complexes in
0.1 m [Bu4N][PF6] in DMF. Scan rate: 100 mV s
−1.
From this, we observe that E◦′red becomes more nega-
tive with more electron-donating substituents (Table I),
showing an excellent linear correlation with the Ham-
mett σp substituent constants (Figure 8). This demon-
strates that tunability in a range of ±200 mV can be
achieved without significantly altering the optical prop-
erties of these complexes (for 2a-e), a desirable feature
for fine-tuning the energetics of ground- and excited-state
electron transfer processes involving these complexes.
At the same time, we note that the long-lived ILCT
state achieved in the NMe2-substituted complex has still
comparable excited-state reduction potentials (only ca.
200 mV below those of the rest of the complexes in the
series), while absorbing light with comparable extinction
coefficients over 100 nm further to the red.
Emission spectra of all complexes were measured
in DMF at room temperature and at 77 K in a 2-
methyltetrahydrofuran (2-MeTHF) glass (Figure S8 in
the SI). The ∆GST values were obtained from a linear fit
of the high energy side of the low-temperature emission
spectra, as described previously (Figure S9 in the SI).22
These values also show a very good correlation with the
Hammett σp substituent constants (except for 2f), and
illustrate that more electron-donating substituents can
increase ∆GST up to a certain limit, before any further
increase in the electronic density results in a decrease of
∆GST instead.
TABLE I. Ground- and excited-state redox properties of the










(V)a (eV)b (eV)c (V)d
2a) CN –1.61 2.42 2.38 0.80
2b) CF3 –1.66 2.46 2.44 0.79
2c) Br –1.70 2.46 2.46 0.76
2d) H –1.73 2.48 2.49 0.75
2e) OMe –1.77 2.50 2.47 0.73
2f) NMe2 –1.81 2.37 2.06 0.56
a Electrochemical potential in V vs. Fc+/Fc in
DMF.
b From a linear fit of the high-energy side of the
77 K emission spectrum in 2-MeTHF.
c Energy difference between the optimised
ground and lowest triplet excited state struc-
tures.
d Excited-state potentials calculated from eq. 1.
At room temperature, all complexes exhibit a mod-
erately intense, broad and unstructured emission (very
strong in the case of the NMe2 complex, 2f). The posi-
tion of the emission maxima correlate well with the Ham-
mett σp substituent constants, showing a blue shift with
more electron-donating groups. At cryogenic tempera-
tures (77 K), the emission spectra complexes 2a-e show
a significant hypsochromic shift, characteristic of emis-
sion from a 3MLCT state. Complex 2f, in contrast, de-
viates significantly from this behaviour. The emission
of 2f shows instead a bathochromic shift upon cooling,
and the appearance of vibronic structure, suggestive of
emission from a ligand-localised triplet state.61 These ob-
servations suggest that the character of the lowest triplet
excited state of the NMe2-substituted complex changes
upon cooling. At room temperature, it has a significant
intraligand charge transfer (ILCT) character, also sup-
ported by results discussed in the previous section.
The DFT-calculated ∆GST values for the κ
2N com-
plexes were in excellent agreement with those found in
the experiment, with a mean deviation of ±0.02 eV for
all complexes (except 2f, which deviated by -0.3 eV).
The ground- and excited-state redox properties are sum-
marised in Table I.
To identify the spectral signatures of the redox species
observed in the cyclic voltammetry experiments, we per-
formed IR spectroelectrochemical (IR-SEC) studies in
0.1 m [Bu4N][PF6] in DMF. The IR-SEC spectra of 2d
are shown in Fig. 10 as a representative example.
The two-electron reduction process could be resolved
in the IR-SEC experiments into two overlapping and con-
secutive single-electron reductions, evidenced by signifi-
cant incremental red shifts of the νCO bands (Fig. 10).
Further evidence for the two-electron nature of this
reduction comes from the ca. 96 mV peak-to-peak sep-
aration (at a scan rate of 100 mV s−1), and the small
shoulder observed at less negative potentials (Fig. 9).







































Figure 10. Experimental (solid lines) and calculated (dashed
lines) difference IR spectra of the redox states of 2d. Ex-
perimental spectra measured in 0.1 m [Bu4N][PF6] in DMF.
Potentials vs Fc+/Fc. Theoretical frequencies were scaled by
0.97 to better match the experimentally obtained values.
the calculated and experimental difference spectra of the
corresponding redox states. The partial irreversibility of
the second reduction process is attributed in both cases to
loss of the chloride ligands (also reproduced in the DFT
calculations, where optimisation of the doubly reduced
species led to Cl dissociation), agreeing with previous re-
ports of related complexes.62
Photocatalytic hydrogen evolution experiments
Considering the excited-state redox potentials and life-
times exhibited by these complexes, we performed a series
of homogeneous proof-of-principle photocatalysis exper-
iments in DMF. To focus only on the H2 evolution half-
reaction, triethanolamine (TEOA, 1 m) was used as a
sacrificial electron donor and triflic acid (TfOH, 0.1 m) as
the proton source. For these test experiments, we chose
[Co(dmgH)2]
2+ (0.5 mm) as a catalyst, which was pre-
pared in situ from Co(BF4)2 ➲6H2O and excess dmgH2.
As representative examples, we tested complexes 2d and
2f, as well as [Re(bpy)(CO)3(NCS)] (RePS) under the
same conditions (with [Re]=0.5 mm and λexc = 390 nm).
The latter complex was used to benchmark the perfor-
mance of our complexes in comparison to a well-studied
system.63,64
Under these conditions, we observed significant and
prolonged hydrogen evolution only for 2d (Figure S10 in
the SI), yielding final turnover numbers for the photo-
sensitiser (TON) of 580±40 over 7 days. We observed a
bimodal decay of the turnover frequency (TOF), and a
significant decrease in the rate after 4.5 days. These re-
sults suggest that the integrity of the catalyst represents
the limiting factor for the long-term stability of this pho-
tocatalytic system, as discussed in previous reports of re-
lated systems.65 We did not observe hydrogen evolution
using complex 2f at these high concentrations, which we
attribute to accumulation of the reduced photosensitiser
and subsequent degradation.64
Considering this last result, and the very long lifetime
of complex 2f and its intense absorption extending un-
til ca. 500 nm, we performed additional photocatalytic
experiments (Figure 11) with λexc = 453 nm and higher
dmgH2 concentrations (3.5 mm), while using a tenfold
lower photosensitiser concentration ([2f ] = 50 µm). All
other parameters were kept constant.





































Figure 11. Hydrogen evolution from 2f as a photosensitiser.
Conditions: [2f ] = 50 µm, [Co] = 0.5 mm, [dmgH2] = 3.5 mm,
1 m TEOA, 0.1 m TfOH in DMF, λexc = 453 nm.
The very high turnover numbers (2130±120) and hy-
drogen production rates (up to ca. 40 nmol s−1) ob-
tained under these conditions compare very favourably
with those obtained for a closely related system us-
ing [Re(bpy)(CO)3(NCS)] as photosensitiser.
63,64 While
strict comparisons of the TOF and TON values are in-
adequate, it is worth mentioning that under these condi-
tions, complex 2f is a remarkably stable photosensitiser.
The results shown in this work constitute, to the best
of our knowledge, the first example of a system where
the long-lived 3ILCT state of a Re(I) complex is used for
photocatalytic hydrogen production, being involved in
multielectron transfer steps in an efficient manner. We
believe that the long-term stability of this system might
be improved by fine-tuning the conditions of the photo-
catalytic experiments, which are outside the scope of the
present work.
To gain a deeper understanding of the initial photo-
chemical steps in the photocatalytic cycle, and in partic-
ular, to evaluate the potential differences between ILCT
and MLCT excited-state reactivity, we performed emis-
sion quenching, as well as TRIR experiments in the ps–
µs timescales of complexes 2d and 2f in presence of
TEOA. For 2d, we observed a very small change in the
excited-state kinetics and emission intensities, leading to
a diffusion-limited quenching rate kQ ≈ 4×10
8 M−1 s−1.
We find this number of qualitative character, given the
very short lifetime of 2d, which limits the possibility of
studying the intermolecular electron transfer steps in this
complex.
Complex 2f, in contrast, presented an unexpected be-
haviour. Upon addition of TEOA, we observed the
appearance of a strongly emissive blue-shifted band,
whose intensity increased with increasing concentrations
of TEOA. The absorption spectra remained unchanged.
At the same time, the spectral features and kinetics of
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2f (1 mm in degassed DMF) remained largely unchanged
in a concentration range from 1 mm to 1 m TEOA (con-
taining 10 mol% TfOH), hinting at a different order of
events in the photocatalytic cycle of 2f. Transient IR
spectra recorded in absence of TfOH also did not show
any difference with respect to those of pure 2f in DMF.
In the ’conventional’ photocycle, the 3MLCT excited
state of a Re(I) complex (like RePS) is reductively
quenched in a bimolecular fashion by TEOA, and it is
this reduced species which transfers the electrons to the
proton reduction catalyst.14,64 If the 3ILCT excited state
of 2f is not quenched by TEOA—and given the fact that
the system does evolve significant amounts of hydrogen—
we hypothesise that this complex transfers the electron
directly to the cobalt catalyst (considering its very long
lifetime). After this electron transfer, the oxidised 2f+ is
regenerated by TEOA at longer timescales.
To prove this hypothesis, we performed TRIR
experiments of 2f with different concentrations of
[Co(dmgH)2]
2+ ranging from 10 to 75 mm (the cobalt
complex was prepared as a stock solution from anhy-
drous CoBr2 and 3 eq. dmgH2 in DMF). From a Stern–
Volmer analysis of the TRIR kinetic data (Figure S11
in the SI), we obtained a second-order quenching rate
constant of kCo = (2.0 ± 0.2) × 10
8 M−1 s−1 for elec-
tron transfer between 2f and [Co(dmgH)2]
2+. This value
of kCo compares very well with the reported values of
1.3 × 108 and 2.5 × 108 M−1 s−1 for electron transfer
between reduced RePS− or [Re(bpy)(CO)3Br]
–, respec-
tively, and [Co(dmgH)2]
2+. This rate is also significantly
slower than the 1.23 × 109 M−1 s−1 quenching rate be-
tween photoexcited RePS∗ and [Co(dmgH)2]
2+, thus ex-
cluding this mechanism.64
The absence of new transient features and long-lived
signals in the TRIR spectra of 2f with [Co(dmgH)2]
2+
(independent of the presence of TEOA) may suggest that
either (i) there is a fast back electron transfer from the
cobalt complex in absence of TEOA; or (ii) fast electron
transfer from TEOA (present in a large excess) to 2f+
takes place after the initial quenching event in the three
component system.
Combining the insights gained from these experi-
ments, we believe that the formation of an exciplex be-
tween excited 2f* and TEOA can simultaneously ex-
plain the changes in the emission spectra and the un-
changed TRIR data. The formation of a metal complex–
molecule exciplex has been observed before,66 with the
case of [Re(4,7-diphenyl-1,10-phenanthroline)(CO)3Cl]
and N,N-dimethylaniline (DMA) in decaline being partic-
ularly relevant in the context of our work. In this system,
even very low concentrations (∼ 10−3 m) of DMA were
enough to observe a new, red-shifted emission band.67
While our specific scenario is different—namely a more
polar solvent and a different quencher—complex 2f has
a very large charge transfer character upon photoexcita-
tion (as shown in Fig. 5), leading to a large change in
dipole moment, which would render formation of a charge
transfer exciplex with TEOA feasible.
Additional mechanistic studies of these complexes with
the purpose of unravelling the nature of this process and
its solvent dependence will reveal further differences in
the reactivity and photophysical properties of the 3ILCT
vs 3MLCT excited states, easily switched in these com-
plexes by a remote substitution in the ligand framework.
CONCLUDING REMARKS
The ground and excited states of a series of rhe-
nium(I) tricarbonyl complexes with substituted 4’-(4-
R1-phenyl)-2,2’:6’,2”-terpyridine ligands were analysed
by steady-state and time-resolved spectroscopic meth-
ods. We found excellent correlations between the eval-
uated spectroscopic and electrochemical properties of
these complexes and the Hammett σp substituent con-
stants, showing their tunability even by changing the
substituent in a remote position of the ligand framework.
Cyclic voltammetry and IR-SEC revealed an irreversible
stepwise two-electron reduction, which in turn allowed
us to assign the identities and spectral signatures of the
one- and two-electron reduced species.
The NMe2-substituted complex (2f) showed notably
exceptional lifetime and spectroscopic properties com-
pared to other complexes of the same series. In this com-
plex, the lowest singlet and triplet excited states have
both an ILCT character, demonstrated by transient IR
and emission spectra, and supported by detailed (TD-
)DFT calculations. The particularly long triplet lifetime
of ca. 380 ns obtained for the NMe2-substituted complex
(vs. ca. 1.5 ns for the unsubstituted complex) suggests
that very strongly donating groups can lead to distinct
photophysical and photochemical properties, and opens
new avenues to explore further substituent-related mod-
ifications to the terpyridine ligand framework. We con-
clude that judicious ligand-based substitutions can still
be exploited to access long-lived, strongly emissive, yet
sufficiently reducing excited states of complexes with sig-
nificantly red-shifted absorption, which would perform as
better photosensitisers by using a wider portion of the
solar spectrum. In this regard, our approach to enhance
light absorption through remote substitution is comple-
mentary to those that have been explored so far, and
benefits from the simplicity and scalability of the syn-
thesis of the substituted terpyridine ligands.
In proof-of-principle homogeneous photocatalytic ex-
periments, we demonstrated stable H2 evolution over a
period of 7 days with complex 2d, and a fast and sus-
tained H2 evolution from complex 2f in a photocatalytic
system with tenfold smaller photosensitiser concentra-
tions, reaching turnover numbers over 2100 using stan-
dard [Co(dmgH)2]
2+ as a catalyst. Using transient IR
spectroscopy, we tentatively assign direct electron trans-
fer from 2f* to the proton reduction catalyst, instead
of reductive quenching by the sacrificial donor (TEOA).
Changes in the emission spectra of 2f Further mecha-
nistic studies are needed to explain this in detail, focus-
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ing on the differences in reactivity between complexes
operating from a 3ILCT vs 3MLCT excited state. The
application of 2f for photocatalytic hydrogen evolution
constitutes, to the best of our knowledge, the first exam-
ple of the use of long-lived 3ILCT states in Re(I) tricar-
bonyl complexes for photocatalytic hydrogen production,
and shows the potential of the terpyridine framework for
further modifications and mechanistic studies of the rich
photochemistry of these complexes.
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A series of Re(I) tricarbonyl complexes with 4’-
(4-substituted-phenyl)-terpyridine ligands bearing sub-
stituents of different electron donating abilities were eval-
uated. Substituents ranging from CN to OMe lead to
complexes with short-lived 3MLCT excited states, whose
properties are largely correlated to the Hammett σp
substituent constants. In contrast, the complex with
a strongly donating NMe2 substituent has a long-lived
3ILCT state which can drive light-induced hydrogen evo-
lution with a Cobalt-based catalyst.
